Pathogenic species of the genus Yersinia evade the bactericidal functions of phagocytes. This evasion is mediated through their virulence effectors, Yops, which act within target cells. In this study we investigated the effect of Yersinia pseudotuberculosis on Ca 2؉ signaling in polymorphonuclear neutrophils. The intracellular free calcium concentration in single adherent human neutrophils was monitored during bacterial infection and, in parallel, the encounter between the bacteria and cells was observed. When a plasmid-cured strain was used for infection, adherence of a single bacterium to the cellular surface induced a ␤ 1 integrin-dependent transient increase in the intracellular concentration of free calcium. This was, however, not seen with Yop-expressing wild-type bacteria, which adhered to the cell surface without generating any Ca 2؉ signal. Importantly, the overall Ca 2؉ homeostasis was not affected by the wild-type strain; the Ca 2؉ signal mediated by the G-proteincoupled formyl-methionyl-leucyl-phenylalanine receptor was still functioning. Hence, the blocking effect was restricted to certain receptors and their signaling pathways. The use of different Yop mutant strains revealed that the protein tyrosine phosphatase YopH was responsible for the inhibition. This virulence determinant has previously been implicated in very rapid Yersinia-mediated effects on target cells as the key effector in the blockage of phagocytic uptake. The present finding, that Y. pseudotuberculosis, via YopH, specifically inhibits a self-induced immediate-early Ca 2؉ signal in neutrophils, offers more-detailed information concerning the effectiveness of this virulence effector and implies an effect on Ca 2؉
Polymorphonuclear neutrophils are active in the front line of defense against infections caused by microorganisms. Binding of foreign particles or soluble substances to neutrophil surface receptors activates signal transduction cascades leading to phagocytosis, production of reactive oxygen metabolites, and secretion of inflammatory mediators. Involved in these signaling cascades are the activation of phospholipases and protein kinases and the transient elevation of intracellular free calcium ([Ca 2ϩ ] i ) (for reviews, see references 2 and 53). The three virulent species of the genus Yersinia, the bubonic plague bacteria Yersinia pestis and the enteropathogenic Y. enterocolitica and Y. pseudotuberculosis, are able to evade the bactericidal functions of phagocytes by distinct inhibition of phagocytosis, cytokine release, and oxidative burst (5, 14, 45, 46, 52, 65) . This property allows these pathogens to survive and multiply in lymphatic tissues (58) . The precise mechanisms behind the evasion of phagocytes are yet to be understood, but involved in these actions are an ensemble of virulence-associated proteins, Yersinia outer proteins (Yops) (for reviews, see references 12 and 15) . The Yops are encoded on a 70-kb plasmid that is common for the virulent species of Yersinia. Upon intimate contact with target cells, some of these Yop effectors are translocated from the bacteria into the interacting cell. The translocation is polarized and occurs by way of a type III secretion system; no Yops are secreted into the surrounding media (16, 40, 42, 48, 51) .
The Yop effector responsible for blockage of phagocytic engulfment is YopH (14, 45) . This effector is homologous to eukaryotic protein tyrosine phosphatases (PTPases) (13, 18, 62) and is by far the most active of all known PTPases (66) . The molecular mechanism by which YopH hinders the bacteria from being ingested by host cells was recently suggested to involve specific disruption of ␤ 1 integrin-containing focal complex structures associated with dephosphorylation of focal adhesion kinase and p130
Cas (20, 38, 39) . YopE is another Yop effector implicated in phagocytic blockage, although the contribution of YopE is considerably less than that of YopH (14, 46, 47) . YopE is a contact-dependent cytotoxin that mediates disruption of F actin in target cells (46) (47) (48) . The molecular mechanism behind the action of YopE is, however, unclear.
Nonopsonized Yersinia binds with high affinity to a subset of ␤ 1 integrins on target cells via its surface determinant, invasin (26, 63) . In the absence of YopH, ␤ 1 integrins also mediate the actual ingestion of the bacteria. Members of the integrin family are expressed on most mammalian cells and are involved in cell-cell adhesion, cell-matrix interactions, cell signaling, and inflammation (24, 55) . When bound to extracellular ligands, such as fibronectin, laminin, and collagen, integrins cluster and their intracellular domains associate with a diverse set of proteins forming focal adhesion complexes (29, 36) . A variety of signaling events are generated in association with this formation: tyrosine phosphorylation, serine-threonine phosphorylation, changes in [Ca 2ϩ ] i and pH, and lipid metabolism (for a review, see reference 11). The Yersinia surface protein invasin has, compared to the natural ligand fibronectin, approximately 100-fold-higher affinity for the ␤ 1 integrin receptor. It is believed that this very high affinity allows the pathogen to compete efficiently for integrin binding on attached cells and also promotes internalization of the bacterium (63) . The internal-ization occurring in the absence of YopH involves focal complex formation and subsequent signaling to the cytoskeleton (38, 39) .
Yersinia spp. abrogate, through YopH, very early infectioninduced events within macrophages and neutrophils. This includes the inhibition of phagocytosis and the associated phosphotyrosine signaling (1, 45, 65) . These events occur almost immediately upon binding of a bacterium to the cell surface. Since ␤ 1 integrin activation, in addition to stimulating phosphotyrosine signaling, also stimulates immediate increases in [Ca 2ϩ ] i , we wanted to investigate whether Y. pseudotuberculosis has any effects on this early signal. For this purpose, we monitored [Ca 2ϩ ] i by detection of Fura-2 fluorescence in single adherent human neutrophils during bacterial infection and concurrently monitored the encounter between the neutrophils and bacteria on a video screen. We were thereby able to detect the immediate neutrophil response to bacterial attachment and to correlate the induced Ca 2ϩ signal to the site of bacterial attachment. By using this experimental setup, we could demonstrate that attachment of a plasmid-cured Yersinia bacterium to the neutrophil surface mediates a rapid rise in [Ca 2ϩ ] i . This rise was dependent on the interaction between invasin and ␤ 1 integrins. The Yersinia sp.-induced Ca 2ϩ signal was, however, abrogated in the presence of the Yersinia virulence factor YopH, showing an immediate and local inhibitory effect of YopH close to the site of bacterial attachment. Preparation of neutrophils and bacteria. Heparinized blood was collected from healthy blood donors and separated according to the method of Böyum (10) . The neutrophils were isolated by dextran sedimentation, followed by a brief hypotonic lysis of the remaining erythrocytes and centrifugation on a FicollHypaque gradient. The neutrophils were finally washed twice and resuspended in KRG lacking Ca 2ϩ to 10 7 /ml. The Y. pseudotuberculosis strains used in this study are listed in Table 1 . For maximal expression of Yop proteins, the bacteria were cultured in brain heart infusion broth supplemented with 5 mM EGTA and 20 mM MgCl 2 overnight at 26°C on a rotary shaker. The following day the cultures were diluted to 10 8 bacteria/ml (optical density at 550 nm of 0.1), further incubated at 26°C for 1 h, and then incubated at 37°C for an additional 2 h.
MATERIALS AND METHODS

Chemicals
Loading cells with Fura-2/AM. The fluorescent Ca 2ϩ indicator Fura-2 was used to probe [Ca 2ϩ ] i . Human neutrophils (5 ϫ 10 5 cells/ml) were loaded by incubation with Fura-2/AM (4 M) at 37°C for 30 min. The cells were then washed two times in KRG lacking Ca 2ϩ and finally resuspended in KRG to 10 7 /ml. The neutrophils were then allowed to adhere for 5 min to serum-coated coverslips (42 mm in diameter) held in a coverslip holder (Bachofer Laboratory Equipment, Reutling, Germany). To monitor the [Ca 2ϩ ] i in adherent cells, the coverslip holder was incubated at 37°C in a sealed chamber on an inverted fluorescence microscope (as described below). The intracellular calcium measurements were done immediately and at 2-s intervals. The bacteria were added after 10 initial measurements. Microscopic analysis revealed that Fura-2 remained homogenous within the cytosol throughout the experiments.
Measurements of intracellular free calcium. [Ca 2ϩ ] i was measured by using an imaging microspectrofluorometry technique. A Zeiss (Oberkochen, Germany) Axiovert 35 inverted microscope setup was used for Fura-2 measurements and a 75-W stabilized xenon lamp was used as a UV source. The microscope was equipped with a computer-controlled filter wheel (Sutter Instrument Co., Novato, Calif.) furnished with 10-nm bandpass and 340-and 380-nm UV excitation filters. A glycerol-immersion, ϫ100 Zeiss Neofluar objective was used for all measurements. A 510-nm bandpass filter was used in the emission path. An image intensifier (Hamamatsu night viewer C2101) was used to enhance the fluorescent signal. A second Newicon video camera (Hamamatsu C2400) was employed to monitor cell morphology and bacterium-cell interactions, which were displayed on a separate video monitor.
The fluorescent video signal from the camera was digitized with a frame grabber (Innovativ Vision AB, Linköping, Sweden) mounted in an HP Vectra PC. The central part (128 by 128 pixels) of the digitized images was used for measurements (19) . Every image frame was calculated as an average of 16 frames acquired within 1.6 s. Neutrophils were observed for a maximum of 15 min. The images were stored in sequence for later evaluation. Locally developed software was utilized to control the shutters and filter wheel. In order to produce traces of [Ca 2ϩ ] i , all pixel values above a selective threshold (a pixel value of 25 in the 340-nm image) were added together. The ratio of the fluorescence (R ϭ F 340 / F 380 ) was used to calculate [Ca 2ϩ ] i for each image by using the formula:
Determination of phagocytosis. Neutrophils were allowed to adhere to serumcoated glass coverslips for 15 min at 37°C in a humid chamber. A bacterial suspension of plasmid-cured Y. pseudotuberculosis was washed and resuspended to 2 ϫ 10 7 bacteria per ml in KRG. Neutrophils were then incubated with the bacteria at a calculated bacterium/cell ratio of 50:1 for another 30 min at 37°C. Thereafter, nonadherent bacteria were washed away with KRG, and the cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS; pH 7.3) for 30 min at 4°C and then washed for 30 min in PBS (pH 7.6). The intra-and extracellular locations of bacteria were distinguished as previously described (14) . To stain extracellularly bound bacteria, the coverslips were covered with rabbit anti-Yersinia antiserum (diluted 1:500) for 30 min at 37°C. After four washes in PBS, the cells were covered with TRITC-conjugated swine anti-rabbit immunoglobulins (12 g/ml), incubated for 20 min at 37°C, and then washed in PBS as described above. To stain all bacteria associated with the neutrophils, the cells were permeabilized with 0.5% Triton X-100 for 3 min, followed by four washes in PBS. The total amount of adherent bacteria (both extra-and intracellular) was labeled with rabbit anti-Yersinia antiserum for 30 min at 37°C, washed, and overlaid with FITC-conjugated swine anti-rabbit immunoglobulins (12 g/ml) for 20 min of further incubation at 37°C. Finally, after being rinsed in PBS, the coverslips were mounted on a glass slide and examined under a fluorescence microscope (Zeiss Axioscope) equipped with a Plan-apochromate ϫ63/1.40 oil immersion objective. For each cell, the number of extracellularly bound bacteria was detected by excitation at 530 to 585 nm, and the total number of cell-associated bacteria was detected by using an excitation at 450 to 490 nm; in each experiment, this was done for 25 to 50 cells per coverslip in randomly selected fields.
Detection of bacterial attachment. The total amount of cell-attached bacteria was calculated by using a method similar to the one for detecting phagocytosis described above. The difference in this procedure was that the anti-Yersinia serum and the subsequently fluorescent antibodies added to the cells before permeabilization in Triton X-100 were excluded.
RESULTS
Plasmid-cured Y. pseudotuberculosis stimulates a ␤ 1 integrindependent immediate-early Ca 2؉ signal in neutrophils. Initially, we investigated if binding of the Yersinia surface determinant invasin to neutrophil ␤ 1 integrins affects the intracellular free calcium concentration ([Ca 2ϩ ] i ) of these cells. Human neutrophils, prepared from fresh blood, were exposed to the plasmid-cured strain of Y. pseudotuberculosis (i.e., in absence of Yop effectors). Analysis of [Ca 2ϩ ] i in single neutrophils during a 10-min infection period revealed that this type of encounter stimulated several transient elevations in [Ca 2ϩ ] i in these cells ( Fig. 1 and Table 2 ). Visual observation on the video screen revealed that the motile bacteria reached the cell and ] i transients started locally, at the site of bacterial attachment, and then spread rapidly throughout the entire cell ( Fig. 1, insets ; the bacterial attachment is indicated by arrows in the phase images, and the [Ca 2ϩ ] i transients in the same cell are shown above). The initial rise in [Ca 2ϩ ] i that occurred upon addition of the bacterial suspension was not caused by bacterial attachment; rather, it was due to low-molecular-weight bacterial products, as this response was detected upon addition of the bacterial supernatant ultrafiltered through a 10-kDa-cutoff filter but not with the KRG buffer alone (not shown). Occasionally, lower elevations in [Ca 2ϩ ] i occurred when no bacterial attachment was observed, but these occurrences could be correlated to changes in cell morphology.
When an invasin mutant of Y. pseudotuberculosis was used, no attachments of bacteria to the cells were observed, and consequently no induction of [Ca 2ϩ ] i transients was detected (results not shown). This correlated with earlier results showing that the expression of invasin is necessary for macrophage uptake of nonopsonized Yersinia spp. (14) . To evaluate the involvement of ␤ 1 integrins in the Yersinia-induced induction of [Ca 2ϩ ] i transients, MAbs directed against the ␤ 1 integrin receptor were used before the addition of plasmid-cured yersiniae to block interaction. These antibodies totally abolished the Ca 2ϩ signaling ( Fig. 2A) , and no firm attachment of the bacteria to the cells was observed, although bacteria were seen grazing along the surface. No inhibition of bacterial attachment was observed when control MAbs directed against HLA class I were used; neither was the subsequent Ca 2ϩ signaling affected (Fig. 2B) . It is noteworthy that the initial [Ca 2ϩ ] i elevation was still detected in the presence of anti-␤ 1 integrin MAb ( Fig. 2A) , suggesting that this response was not due to ␤ 1 integrin engagement. These data show that Yersiniainduced Ca 2ϩ signaling in human neutrophils depends on its binding to ␤ 1 integrins.
Wild-type Y. pseudotuberculosis inhibits the bacterium-induced Ca 2؉ signal and subsequent phagocytosis. To study the (Fig. 3A) . Thus, wild-type Yersinia, through its Yop effectors, could inhibit the self-induced immediate-early Ca 2ϩ signal in neutrophils. This implies that the underlying mechanism must be extremely rapid. Control experiments show that wild-type bacteria do attach to the neutrophils; 4.61 Ϯ 0.81 wild-type bacteria bound per cell. The corresponding figures were 6.04 Ϯ 2.01 for the plasmid-cured strain and 4.49 Ϯ 1.15 for the yopH mutant strain.
It is known from earlier studies that wild-type Y. pseudotuberculosis inhibits phagocytosis in macrophages by a plasmidencoded mechanism (14, 45, 46) . Also, human neutrophils fail to phagocytose opsonized Y. enterocolitica (50, 65) . To investigate the effect of YopH on neutrophils phagocytosing nonopsonized Y. pseudotuberculosis, the plasmid-cured, wild-type, and yopH mutant strains were presented to the cells for 30 min and thereafter the numbers of intra-and extracellularly associated bacteria were determined (Fig. 3C) . The virulence plasmid-containing wild-type strain inhibited ingestion of the bacteria; only 30% of the cell-associated bacteria were ingested. For the plasmid-cured and yopH mutant strains, the corresponding percentages of ingestion were 69 and 64%, respectively. Thus, analogous to the effects on macrophage phagocytosis and on neutrophil opsonophagocytosis, YopH also mediated the inhibition of neutrophil phagocytosis of nonopsonized Y. pseudotuberculosis.
Phagocytosis of plasmid-cured Y. pseudotuberculosis by macrophages is inhibited in the presence of the tyrosine kinase inhibitor genistein (1) . To test whether tyrosine kinase inhibition affected the bacterium-induced Ca 2ϩ signaling, neutrophils were pretreated with 100 M genistein for 15 min before the addition of bacteria. In these cells the attachment of plasmid-cured Y. pseudotuberculosis did not induce any Ca 2ϩ signal (Fig. 3B ). This suggests that the bacterium-mediated Ca 2ϩ signaling depends on tyrosine kinase activity.
YopH is the virulence effector responsible for blocking the Yersinia-induced Ca 2؉ signal. To identify the Yop effector responsible for the observed inhibition of ␤ 1 integrin-dependent Ca 2ϩ signaling in neutrophils, Y. pseudotuberculosis strains mutated in various yop loci were used. Interestingly, neutrophils exposed to a yopH mutant strain responded with transient increases in [Ca 2ϩ ] i that correlated with the attachment of single bacteria in a way similar to that seen with the plasmid-cured strain (Fig. 4A) . In contrast, neutrophils exposed to a yopE mutant strain (expressing YopH) were inhibited in their calcium response towards bacterial attachment in a way similar to that seen with the wild-type strain (Fig. 4B) (25) . Introduction into this strain of a multicopy plasmid that encodes a given Yop allows studies of the behavior of that particular Yop within target cells without interference from the Yop effectors mentioned above. To study the effect of YopH, we used an isogenic pair of plasmid-bearing MYM strains, i.e., MYM expressing the wild-type YopH protein (MYMpyopH) and MYM expressing a catalytically inactive form of YopH (MYMpyopHC/A). The YopHC/A protein has, as indicated, a single amino acid substitution (Cys4033Ala), which totally abolishes the PTPase activity (18) . Infection of neutrophils Table 2 . ] i transients included were those that increased at least threefold from the baseline level, and overall the magnitude ranged from 300 to 600 nM.
with the MYM strain (not shown) or with the MYM strain expressing the inactive YopH resulted in transient elevations in [Ca 2ϩ ] i after bacterial attachment (Fig. 4C) . In contrast, the MYM strain expressing the active YopH inhibited the [Ca 2ϩ ] i transients to the same extent as did the wild-type strain (Fig.  4D) . These data clearly demonstrate that the PTPase activity of YopH is required to block the Yersinia-induced immediateearly Ca 2ϩ signal. YopH-mediated inhibition does not affect certain G-proteincoupled receptors. To investigate the specificity of the YopHmediated inhibition of neutrophil Ca 2ϩ signaling, another type of surface receptor was tested on neutrophils that had been pretreated with wild-type Y. pseudotuberculosis. For this purpose we chose the G-protein-coupled fMLP receptor, since this receptor is expressed at high levels on these cells and also is known to mediate a rapid Ca 2ϩ response (28) . We found that neutrophils exposed for 5 min to the Yersinia plasmid-cured strain, as well as to the wild-type strain, responded to fMLP with an immediate rise in [Ca 2ϩ ] i ( Fig. 5A  and B ). This response was as rapid and reached approximately the same levels as the fMLP-mediated response of control cells, i.e., cells not pretreated with bacteria (not shown). Moreover, the fMLP-mediated response was not affected even if the cells were pretreated with YopH-expressing bacteria for 30 min (not shown). Hence, the blocking effect of Y. pseudotuberculosis on the ␤ 1 integrin-dependent Ca 2ϩ signal did not affect the signaling properties of neutrophil fMLP receptors. This clearly demonstrates that YopH-mediated inhibition is specific to certain receptors and excludes the possibility that a general effect of YopH affects the overall cellular Ca 2ϩ homeostasis.
DISCUSSION
In the present investigation, we show that virulent Y. pseudotuberculosis has the ability to block an immediate-early phagocyte response. The pathogen inhibited the rapid Ca 2ϩ signal in human neutrophils, which was initiated when the bacterium bound to ␤ 1 integrins on the cellular surface. We could also show that one of its virulence proteins, namely, the PTPase YopH, was responsible for this inhibition. Moreover, the YopHmediated inhibiting effect had a certain specificity and did not affect general Ca 2ϩ signaling within the target cell. In the absence of YopH, the bacterium induced a transient Ca 2ϩ signal, and this occurred immediately upon its binding to the cell surface. This indicates that the blocking effect that is seen in the presence of the YopH virulence effector is remarkably rapid. YopH has been shown to abrogate ␤ 1 integrin-mediated phosphotyrosine signals by rapid dephosphorylation of specific proteins in macrophages (1) . Studies in HeLa cells and macrophages have shown that YopH dephosphorylates focal adhesion proteins and disrupts focal complex structures close to the site where the bacterium binds (4, 20, 39) . The common molecular target protein of YopH in these cells is the focal adhesion protein p130
Cas (4, 20, 39) . Interestingly, it has recently been found that the YopH protein contains an inherent "focal complex targeting" sequence that is necessary for Yersinia to block phagocytosis by macrophages, and this sequence has been implicated in Yersinia virulence in mice (38) . This implies that YopH acts where the phosphotyrosine signal is initially generated, which is in close proximity to the cytoplasmic part of ␤ 1 integrins clustered by the bacterium that generates the PTPase. We have shown here that the increase in [Ca 2ϩ ] i seen in the absence of YopH also starts locally, close to where the bacterium binds. It is therefore likely that the Yersinia-induced Ca 2ϩ signal is also initiated by the invasin-engaged ␤ 1 integrins and that YopH-expressing strains inhibit this sig- Table 2 . (C) Phagocytosis of Y. pseudotuberculosis strains. The plasmidcured strain, the wild type, and the yopH mutant were exposed to neutrophils at a calculated bacterium/cell ratio of 50:1 for 30 min. Determinations of cellular association and discrimination between intra-and extracellularly associated bacteria were done as described in Materials and Methods. The data given represent means Ϯ the standard errors of the means of five separate experiments and are expressed as percentages of neutrophil-associated bacteria that were located intracellularly. signal.
There are several reports demonstrating that ligation of ␤ 1 integrins stimulates an increase in [Ca 2ϩ ] i in various cell types (32, 54, 59, 64) . Although ␤ 1 integrins are expressed on the neutrophil surface (6, 44) , ␤ 2 integrins constitute the major subclass of neutrophil integrins, and consequently these are also the most-studied integrins in these cells. Engagement of neutrophil ␤ 2 integrins through receptor cross-linking, spreading on ligand-coated surfaces, or exposure to particles triggers local elevations in [Ca 2ϩ ] i , and the signaling pathway involved in this is tyrosine phosphorylation of phospholipase C␥2 (PLC␥2) with subsequent formation of IP 3 (22, 28, 41, 43) . The present finding of a local ␤ 1 integrin-dependent Ca 2ϩ response in neutrophils, which can be inhibited by a locally delivered PTPase or by the tyrosine kinase inhibitor genistein, suggests that also this signal is regulated by tyrosine kinases. The players involved in mediating this Yersinia-induced ␤ 1 integrindependent Ca 2ϩ signal are not known, but as the origin of the signal has been detected locally, at the site of receptor engagement, proteins within focal-complex-like structures would be possible actors. The fact that PLC␥ has been found within such structures (30, 35) are needed for translocation of granules to the phagosome (60, 61) . Hence, [Ca 2ϩ ] i elevations might not be necessary for phagocytic uptake but rather for other functions important for microbial clearance, such as granule release, phagolysosome fusion, and oxidative activation (3, 27, 37, 57, 60) . It is therefore likely that the Yersinia-mediated blockage of Ca 2ϩ signaling affects these antimicrobial functions. Yersinia is able to circumvent the respiratory burst in phagocytes (21, 50) . However, this inhibition is not mediated by only YopH, nor is the oxidative activation an immediate response. Secretion of neutrophil granules, on the other hand, is an early neutrophil event activated by [Ca 2ϩ ] i transients (37, 57) . This secretion is an important feature of neutrophils during the early activation of host defense. It results in release of bactericidal enzymes and mobilization of chemotactic and phagocytic receptors to the cell surface (56) . Another central feature of neutrophils involving integrin activation is the capability to migrate. Ca 2ϩ signals have been suggested to be important for disrupting integrin clusters and for recycling the integrins to the front of the migrating cell (23, 31) . Thus, Yersinia can, by blocking the self-induced fluctuations in [Ca 2ϩ ] i , interfere with antibacterial responses such as granule release and migration. This could, in addition to inhibiting engulfment, profoundly impair the neutrophil clearance function. The specific effect of Yersinia-mediated inhibition of the Ca 2ϩ response on neutrophil function, however, is yet to be understood.
The present findings present a very direct effect of the Yersinia virulence factor YopH inside the phagocytic cell; namely, the inhibition of local Ca 2ϩ signaling. As this occurs in close proximity to the site to which the bacterium binds, it is likely that this inhibition hinders further antibacterial actions of the phagocyte versus the attached bacteria.
